Abstract: This study examines whether a first-order, linear geometric finite-element static model analysis is capable of accurately predicting the deflection and rotation response of a curved steel I-girder bridge and curved steel I-girders. Girder deflections obtained during the erection of a horizontally-curved steel I-girder bridge and deflection and rotation data from curved-beam laboratory tests were used to determine if a linear geometric finite-element analysis could accurately predict their static behavior. Results indicate that the first-order, linear geometric finite-element model accurately predicts the deflection behavior of a horizontally-curved steel I-girder bridge and a curved steel I-girder beam tested under point loads. The results also indicate that the first-order, linear geometric finite-element model predicted the general rotation trends of the experimental beam accurately. However, the model overpredicted peak flange-tip displacements when compared with the experimental results.
Introduction
The complex geometry of horizontally-curved steel I-girders can lead to difficulties in determining the deflection and rotation responses of the curved girders. The curvature of the girders causes warping stresses to develop in the top and bottom flanges. The warping stresses and the vertical bending stresses result in higher stresses acting on curved beams when compared with straight beams. DeSantiago et al. (2005) concluded that curved bridges experience approximately 23.5% higher bending moments than straight bridges for an angle of curvature of 30°. Finite-element models are often created to aid in determining the behavior of curved steel I-girders. This study examines whether a first-order, linear geometric finite-element static model analysis is capable of accurately predicting the deflection and rotation response of a curved steel I-girder bridge and curved steel I-girders. Past studies indicate that to accurately predict the deformation response of curved steel I-girders, a second-order, nonlinear geometric finiteelement analysis is needed. However, second-order, nonlinear geometric finite-element analyses are complex models and require additional computational run time when compared with first-order, linear geometric finite-element models. Recognizing the level of accuracy that first-order, linear geometric models provide when attempting to predict the static deformation response of curved steel I-girders and steel curved I-girder systems would be beneficial.
Background
A number of recent studies have concluded that to accurately model the behavior of horizontally-curved, steel I-girders, either by themselves or in a curved bridge system, a large-displacement, geometrically nonlinear analysis needs to be utilized. Shanmugam et al. (1995) conducted a series of load tests on beams with various values of horizontal radius of curvature to determine their ultimate load behavior. The results from the tests were compared with results from a three-dimensional finite-element model created in Abaqus (2003) that included both material and large-displacement geometric nonlinear effects. It was concluded that the Abaqus finite-element analysis was capable of accurately predicting the ultimate load capacity of the experimentally tested horizontallycurved steel beams. First-order, linear geometric analysis results were not reported. Pi et al. (2000) developed a three-dimensional finite-element model for the nonlinear inelastic analysis of I-beams curved in plan and concluded that the model was accurate, efficient, and economical based on comparisons with two independent sets of test data. Pi et al. (2001) also determined that the need for using a large rotation model may depend on the magnitude of the radius of curvature of the girder. First-order, linear geometric analysis results were not reported. Bradford et al. (2001) used a nonlinear inelastic curved beam finite-element model to investigate the behavior of horizontallycurved steel I-girder beams under construction loading, concluding that a nonlinear analysis is needed to correctly predict deflections of composite curved girders. The finite-element model used for this study was validated through comparisons with laboratory test results for curved beams. A similar finite-element model was used to conduct a parametric study of the effects of included angle, slenderness, residual stresses, and lateral bracing on composite, curved I-girder structural behavior. The conclusion that geometrically nonlinear analysis was needed was based on parametric study results and curved beam theory. Again, first-order, linear geometric analysis results were not reported. Earls and Chavel (2001) a horizontally-curved steel I-girder bridge during construction. Shura (2005) also included geometrically nonlinear effects in a grillage model of a horizontally-curved steel I-girder during construction. Neither Earls and Chavel (2001) nor Shura (2005) presented results from a linear model.
All studies concluded that a geometrically nonlinear analysis is needed for curved I-girders and curved I-girder bridge systems, but none reported results from a first-order, linear geometric static analysis. As a result of these findings, the current study compares deflections and rotations of a moderately curved steel I-girder bridge and a severely curved steel beam to linear geometric finite-element analysis results to determine if this level of analysis accurately predicts the curved bridge and beam behavior under static loads.
Bridge Finite-Element Model
All finite-element models for this study were created with Abaqus/ Standard (2003) . For the examined bridge (Structure 207), girder webs were modeled with 18 ABAQUS S4R shell elements through their depth, which resulted in element-edge lengths of 152 mm (6 in.). Nodes along the girder length were placed at approximately 152 mm (6 in.) to keep the element aspect ratio as close to 1 as possible. A description of Structure 207 is provided in the next section, Table 1 lists the element types used to model each component of the structure, and Fig. 1 shows the details of the three-dimensional finite-element model created in Abaqus.
All components of the model were assigned corresponding nominal material properties for structural steel and concrete. The assumption was made that all parts of the model would remain in the elastic range because the structure is analyzed during construction with no live load present. Girder support conditions matched actual bearing designs with both abutments for Girders 1 and 5 being modeled as nonguided expansion pot bearings having deflection restrained in the vertical direction only. Supports at the abutments for Girders 2, 3, and 4 were modeled by using tangentially-guided pot bearings. Deflection was restrained in the y-direction and the z-direction (see Fig. 2 ). All pier bearings were modeled as transversely-guided pot bearings with deflection restrained in the x-direction and the z-direction.
Bridge Description and Instrumentation
Structure 207 is a two-span continuous bridge composed of five horizontally-curved steel plate girders located in Centre County, Pennsylvania. The centerline radius of curvature is 585 m (1,921 ft.). Fig. 2 shows a plan view of the superstructure and Fig. 3 shows a typical cross section of the bridge. More detailed information on Structure 207 is available in Shura (2005) and Nevling (2008) . Structure 207 was selected for the current study because deflection data are available for all five girders during construction.
Measured girder deflection values were obtained directly from Greenman-Pederson, Inc. (GPI), who conducted a scanning study of Structure 207 with Cyrax Laser Technology (Shura 2005) . Girder deflection values were obtained during two stages of construction: (1) immediately after placement of the entire steel superstructure; and (2) after placement of the entire concrete deck. Deflection readings were taken at 24 locations along all the girders. These results are presented to provide another level of comparison for the linear geometric three-dimensional finite-element model.
Horizontally-Curved Steel I-Girder Bridge Comparisons
This section contains deflection comparisons between the Abaqus three-dimensional finite-element model and the field data for a large-radius, long-span, plate-girder bridge. Vertical deflection data obtained from the field test included changes in deformations for all girders between erection of the entire steel superstructure and placement of the deck as obtained by Greenman-Pederson, Inc. (1) entire steel superstructure is in place; and (2) deck is in place and has achieved its 7-day strength. Accurate deflection control during the placement of the concrete deck on the horizontallycurved steel I-girder is necessary to ensure that unwanted and/or excessive movement of the girders does not occur. Figs. 4 and 5 also contain the percentage-difference comparisons between the girder deflections observed in the field and those obtained from the first-order linear geometric Abaqus three-dimensional finiteelement model. The percentage-difference values for the Abaqus first-order linear geometric finite-element model vary from 3.2 to 10.6%.
After analyzing the displacement results for the Abaqus threedimensional first-order, linear geometric finite-element model and the field tests, the Abaqus three-dimensional finite-element model was deemed capable of accurately predicting the vertical deflection behavior of Structure 207 during construction. Structure 207 has a large R=L ratio and therefore, the next section compares Abaqus three-dimensional first-order, linear geometric finite-element model results to experimental results for a curved girder with a small R=L ratio.
Comparisons of Curved Beam Results
A first-order, linear geometric three-dimensional finite-element model similar to the one used for the large-radius curved bridge in the previous section was utilized to predict deformations obtained for a curved girder with a very small R=L ratio tested under static loads. To determine if the first-order, linear geometric finite-element modeling technique is valid for a broad range of curvatures, finite-element model deformations and rotations were compared with the laboratory test results. Heins and Spates (1968) conducted an experimental study on a single horizontally-curved steel girder (Type 7I15.3) to validate a computer program that calculated internal forces and external deflections and rotations of single horizontally-curved I-girders. The web had a depth of 177.8 mm (7.0 in.) and a thickness of 6.35 mm (0.25 in.). The flanges were 93.0 by 10.0 mm (3.7 in. by 0.4 in.). The girder was 9.1-m (30.0-ft.) long and had a radius of curvature of 15.2 m (50.0 ft.). The ends of the girder were encased in concrete blocks to replicate fixed-end conditions, resulting in a clear span of 8.2 m (27.0 ft.). The R=L ratio of the girder was 1.85, indicating an extreme horizontal curvature. The girder was tested under concentrated vertical loads at (1) midspan, and (2) the three-tenths point. The maximum applied load in each case was 4,448 N (1,000 lbs). The deflections were recorded at the tenths points along the unrestrained length of the girders. The rotations were recorded at only 4 locations along the girder [0.5, 1.7, 2.9, and 4.6 m (1.5, 5.6, 9.6, and 15.0 ft.)].
A three-dimensional finite-element model of the Heins and Spates test beam was created in Abaqus following the modeling techniques described previously. Seven S4R shell elements were used throughout the depth with nodes placed at approximately 25 mm (1 in.) intervals along the girder to keep element aspect ratios close to 1. The nodes along the ends of the beam were completely restrained to replicate the fixed support conditions. The beam was analyzed under the two previously discussed loading conditions. Results are presented for the concentrated load at midspan. Results for the concentrated load at the three-tenths point are similar to the results for the concentrated load at midspan.
Figs. 6 and 7 show deformation comparisons between the test and the current study's Abaqus models for the concentrated load placed at midspan. Fig. 6 shows that the first-order, linear geometric Abaqus model predicted the experimental vertical deflection accounted for in the model. However, the rotations caused very minimal vertical deflection of the flange tips. Additional research is needed to establish accurate and efficient finite-element modeling techniques to predict rotations in curved beams.
Conclusions
Deformation results for first-order, linear geometric Abaqus models of an actual two-span continuous curved steel I-girder bridge and an experimental beam tested by Heins and Spates (1968) were presented and compared with field and experimental results, respectively, to investigate whether first-order, linear geometric finite-element model analysis can accurately predict the static behavior of curved I-girders and curved I-girder bridge systems. The conclusions from this study are: • The first-order, linear geometric three-dimensional finiteelement model utilized in the current study accurately predicted the vertical deflection response of a curved (R=L of 4.00) steel I-girder bridge during construction; • The model utilized for this study also accurately predicted the vertical deflection response of the Heins and Spates experimental beam (R=L of 1.85); • The model did not accurately predict the rotation behavior of an experimental curved beam. The rotation magnitudes observed in the laboratory were very small, less than the AWS Bridge Welding Code's (2004) least conservative limits, which led to discrepancies between the finite-element model and laboratory results. As magnitudes of observed rotation increased, the accuracy of the finite-element model in predicting curved beam behavior increased; and • Because of the Abaqus model's ability to accurately predict the vertical deflection behavior of the Heins and Spates experimental beam (R=L of 1.85) and the vertical deflection behavior of the curved bridge that was examined (R=L of 4.00), it was concluded that a first-order, linear geometric model is capable of predicting static vertical deflection behavior of horizontallycurved steel bridges. These results do not account for moving live loads or dynamic loads. Further investigation to definitively determine if first-order, linear geometric finite-element analysis can accurately predict the deformation response of curved steel I-girder bridge systems with varying R=L ratios is warranted.
